As part of a continuing effort to assess genetic variation among isolates of Borrelia burghrferi we have determined the 16s rRNA signature nucleotide makeup of two tick isolates from the USSR. Signature nucleotides were identified via reverse transcriptase primer extension sequencing of select regions of the 16s rRNA molecule. In addition, the near complete 16s rRNA sequence of one of the isolates, R-IP3, was determined and utilized in a phylogenetic assessment. The sequence was aligned with the 16s rRNA sequences of other B. burghrferi isolates as well as with other B o r r e l . species. Distance matrix analyses were performed and a phylogenetic tree was constructed. These analyses demonstrate that these isolates belong to a third previously unidentified genomic group of B. burghrferi.
Introduction
The causative agent of Lyme borreliosis, Borrelia burgdorferi, was first isolated from Ixodes dammini ticks on Shelter Island, NY, USA, in 1982 (Burgdorfer et al., 1982) . Isolates have now been collected worldwide and characterized by several approaches including rRNA gene restriction profiles (Postic et al., 1990; , reactivity with various PCR primers (Rosa et al., 1991; Malloy et al., 1990) , reactivity with monoclonal antibodies (Wilske et al., 1985 (Wilske et al., , 1988 and via phylogenetic analysis of 16s rRNA sequences . These studies suggest that isolates of B. burgdorferi can be typed into at least two genomic classes now referred to as the sensu stricto and 20047 groups (Postic et al., 1990) . Since the clinical presentations of Lyme disease have been found to differ among geographic regions (Steere, 1989) , an understanding of the genetic divergence within this species may provide information to help explain the clinical variation.
In this study, we have investigated the phylogenetic relationship of two Russian isolates of B. burgdorferi to isolates from other geographic regions. Based upon previously determined Borrelia 16s rRNA sequences , we have constructed oligonucleotide primers which allow for the rapid sequence * Author for correspondence. Tel. (406) 363 321 1 ; fax (406) 363 6406.
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determination of select regions of the 16s rRNA molecule which contain signature nucleotides specific for each genomic group . Comparison of the full complement of signature nucleotides suggests that they belong to a previously unidentified genomic group. To further characterize the relationship of these isolates with others, we determined the near complete 16s rRNA sequence for isolate R-IP3, and conducted phylogenetic analyses. Distance matrix analyses were performed and a phylogenetic tree was constructed. These results support the designation of an additional genomic group of B. burgdorferi. RNA isolation, sequence determination, and phylogenetic analysis. All methods were as described by . For selective sequencing through regions containing diagnostic signature nucleotide positions, four different primers designated as primers 1000 CACCCTTAC), 400 (5'-CCCATTGCGGAAGATTCTTAG) and 190 (5'-TTAAAGGCTTCCTTTCATC) were used. Primers were 5'-end-labelled as described by Chaconas & van De Sande (1980) . For phylogenetic analysis, the near complete sequence of isolate R-IP3 was determined and from this a masked sequence of 1347 bases (5'-GGGGAATAATTATCTCTAAC), 690 (5'-ATCAACAGATTG-was generated by removing gap and unidentified nucleotide positions. The 16s rRNA sequence for isolate R-IP3 has been assigned the GenBank accession number, M75149. The origin of the isolates used for comparative purposes and their 16s rRNA sequences have been described previously . Evolutionary analyses were performed as previously described with the PHYLIP program package written by Joseph Felsenstein (Felsenstein, 1982) .
Methods
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Results and Discussion
The comparison of 16s rRNA sequences is now widely used as a tool in assessing the genetic relationships among organisms (for a review, see Woese, 1987) . The rRNA database currently contains in excess of 500 16s rRNA sequences. Thus, at the sequence level, 16s rRNA represents perhaps the most intensively studied cellular molecule. Earlier phylogenetic studies demonstrated that upon alignment of the 16s rRNA sequences, signature nucleotides could be identified which were kingdomspecific (Woese, 1987) . It is now recognized that signature positions can be defined at the species and subspecies level. These signature nucleotides have been exploited in nucleic-acid-based identification systems, directed against specific rRNA sequences, which are species-or subspecies-specific. Nucleic-acid-based detection systems have been developed for Mycoplasma (Gobel et al., 1987) , Treponema (Jensen et al., 1990) , Campylobacter (Cox et al., 1990) , Haemophilus (Parsons et al., 1989) , Borrelia and Clostridium (Wilson et al., 1988) .
Currently, two genomic groups of B. burgdorferi are recognized. Postic and co-workers provided the first definition of these genomic groups based primarily on whole-cell DNA/DNA hybridization and also upon RFLP patterns of the rRNA genes. The two genomic groups were termed the semu stricto and 20047 groups (Postic et al., 1990) . Previously, we assessed the genetic variation among isolates of B. burgdorferi through RFLP mapping of the rRNA genes and via a phylogenetic analysis based on 16s rRNA sequences . The results of that study were consistent with those of Postic et al. (1990) and demonstrated the existence of at least two genomic groups of B. burgdorferi. In addition, signature nucleotides were defined which distinguish between the genomic groups.
In this report, we have utilized a sequencing strategy which allows for determination of the genetic classification of B. burgdorferi isolates based upon their 16s rRNA signature nuleotide makeup. The strategy involves the use of extension primers which allow for the determination of all the genomic-group-specific signature nucleotides. Thus, the genomic group can be determined without complete sequencing of the 16s rRNA molecule. We have determined the signature composition of two tick ( I . persulcatus) isolates, R-IP3 and R-IP21 from the USSR. Sequence analysis revealed that both of the Russian isolates possess identical signature identities. The composition was found to be distinct from that which we had previously identified for members of the sensu stricto and 20047 genomic groups. Table 1 compares the signature composition of these isolates with those of the established genomic groups. It is important to point out that isolate R-IP3, which was isolated by Kryuchechnikov et al. (1988) and investigated in this study, is distinct from isolate IP3 described by Postic et al. (1990) . Isolate IP3, a cerebrospinal fluid isolate from France, was determined to be a member of the sensu stricto genomic group by those authors (Postic et al., 1990) . Recently it was proposed that the sensu stricto genomic group could be further subdivided into at least three subgenomic groups by Adam et al. (1991) . These authors used a variety of approaches including sequence analysis of a limited portion of the 16s rRNA molecule of three members of the sensu stricto group, B31, pKO and IP3, in reaching this conclusion. The subgroups were defined in part, based upon a one nucleotide difference in their 16s rRNA sequences. They refer to these variable positions as signature positions. In that there are nine genomic-group-specific nucleotide positions (refer to Table l), the significance of subdividing genomic groups based upon a difference at one such position is unclear. The designation of additional unique genomic groups, based upon minor differences in the set of signature nucleotides, should only be considered when Third genomic group of B. burgdorferi 535 those isolates are also demonstrated to exhibit a significant degree of evolutionary distance. In order to quantitatively assess the phylogenetic divergence of these isolates from members of the other groups, the near complete 16s rRNA sequence of isolate R-IP3 was determined. Through the reverse transcriptase primer extension method, a 1475 nucleotide segment was determined, representing approximately 95 % of the molecule. Sixteen different extension primers were used for sequencing. This resulted in significant overlap in the determined sequences. Via this approach, sequences could be verified, thus addressing concerns about the error frequency of reverse transcriptase sequencing.
The 16s rRNA sequence from isolate R-IP3 was aligned with those from several other B. burgdorferi isolates and Borrelia species (data not shown). The isolates, isolation source, and their geographic origin have been described previously . From the aligned sequences, masked sequences were generated by removing positions corresponding to gaps or ambiguous residues. The aligned masked sequences were subjected to distance matrix analyses using the DNADIST program as described in Methods. When compared to the type strain B31, isolate R-IP3 represents the most distantly related member of the species characterized to date with a percentage sequence similarity value of 98.9%. The percentage sequence similarity values are presented in Table 2 .
In order to determine the phylogenetic branching patterns, a phylogenetic tree was constructed (Fig. 1) . The Escherichia coli 16s rRNA sequence served as the outgroup. The branching pattern demonstrates that isolate R-IP3 resides peripherally to both the sensu strict0 and 20047 genomic groups. The branching pattern observed was re-evaluated through bootstrap analysis using the DNABOOT program (also contained within the PHYLIP package). One hundred subreplicates were analysed. Bootstrap analysis demonstrated that the branching nodes could be accepted with a high degree of confidence. We have previously noted that isolates which share identical signature nucleotide makeups are branched from the same node . Thus, while the complete sequence of isolate R-IP21 was not determined, it is reasonable to assume it would also branch with the R-IP3 isolate.
The results presented here warrant the designation of a third genomic group of B. burgdorferi. We propose that this group be referred to as genomic group 3. As we reported earlier for the 20047 genomic group , the evolutionary distances which separate members of genomic group 3 from the other groups are of sufficient magnitude that-the consideration of this group as a distinct species of Borrelia warrants further consideration. In the course of determining the signature identities of these and other isolates we have noted that a correlation may exist between signature makeup and the species of the arthropod vector (unpublished results, R. T. Marconi) . Establishment of such a correlation will require the determination of the signature composition of several additional tick isolates of B. burgdorferi. If a correlation can be clearly established then knowledge of the signature composition of an isolate may provide useful epidemiological information. We are continuing to address this question.
